The development of structure-specific RNA binding reagents remains a central challenge in RNA biochemistry and drug discovery. Previously, we showed in vitro selection techniques could be used to evolve L-RNA aptamers that bind tightly to structured D-RNAs. However, whether similar RNA-binding properties can be achieved using aptamers composed of L-DNA, which has several practical advantages compared to L-RNA, remains unknown.
INTRODUCTION
Base-pairing properties enable RNA to fold into intricate three-dimensional structures that result in its diverse cellular functions. RNA structural motifs can influence transcription, splicing, cellular localization, stability and translation of RNA (1) . Thus, RNA structure plays a role in almost every facet of gene expression. Furthermore, struc-tured RNA elements have been discovered to play critical roles in a variety of diseases, including viral infections, neurological disorders and cancer (2) (3) (4) . Given the importance of RNA in human health and disease, targeting RNAs based on their unique structures is a potentially transformative diagnostic and therapeutic strategy. Furthermore, structure-specific reagents open the door to develop novel tools to study RNA function. However, discovery of molecules that are capable of binding RNA structures with high affinity and specificity has proven challenging using current approaches. For example, RNAs with extensive secondary structures are often inaccessible to traditional hybridization-based reagents (5, 6) . Furthermore, RNA-binding small molecules often suffer from poor selectivity due to RNA's negatively charged backbone and structural redundancy (7) (8) (9) . Therefore, development of structure-specific RNA binding reagents remains a central challenge.
A potential solution to this problem is the use of aptamers (10, 11) , which are short single-stranded nucleic acid molecules capable of binding to a specific target. In theory, it should be possible to evolve an aptamer against any RNA target using in vitro selection methods. Indeed, several groups have successfully isolated aptamers capable of binding structured RNA molecules (12) (13) (14) (15) (16) . More recently, we demonstrated that aptamers composed of Lribose-based nucleic acids (L-RNA), which are the synthetic enantiomers of natural D-nucleotides, can also be evolved to bind tightly to RNA structures, and may be particularly well suited for this purpose (17) (18) (19) . This is because Dand L-oligonucleotides are incapable of forming contiguous WC base pairs with each other (20) (21) (22) , instead forcing Laptamers to interact with native D-RNA through tertiary interactions. This unique mode of nucleic acid recognition, referred to as 'cross-chiral' recognition, is expected to be more specific than simple WC pairing as it depends on both the sequence and structure (i.e. shape) of the target RNA. Despite the inability of L-aptamers to form WC base pairs with RNA, high-affinity binding can still be achieved. For example, we previously isolated a cross-chiral L-RNA aptamer capable of binding the hairpin structure of precursor mi-croRNA (pre-miR)-155 with a K d of 11 nM, making it one of the tightest binding, non-hybridization-based reagents ever developed against a structured RNA target (18) . This aptamer was also shown to inhibit Dicer-mediated processing of pre-miR-155 in vitro. Therefore, in addition to high affinity and selectivity, cross-chiral aptamers are capable of modulating RNA function by blocking RNA-protein interactions. Importantly, because L-oligonucleotides are orthogonal to the stereospecific environment of native biology, cross-chiral aptamers are completely resistant to nuclease degradation (22, 23) and expected to be less susceptible to off-target interactions with native biomacromolecules, including other nucleic acids. Taken together, these properties suggest that cross-chiral aptamers hold great promise as structure-specific RNA affinity reagents, especially for application in biological environments.
All cross-chiral aptamers reported to date have been composed of L-RNA. Despite their attractive properties, however, the use of L-RNA places potential limits on the practical utility of these aptamers. In particular, the inefficiency of solid-phase RNA synthesis and the relative high cost of L-nucleoside phosphoramidites, makes it difficult to obtain the needed quantity of L-RNA cross-chiral aptamers for many downstream applications. In addition, although L-RNA is nuclease resistant, it is still vulnerable to hydrolytic cleavage of the sugar-phosphate backbone due to the presence of the 2 -OH group. This chemical instability may prevent the use of cross-chiral L-RNA aptamers within certain biological/chemical environments and limit their ability to be stored long-term, especially in low-resource settings. In contrast, the use of L-DNA may offer a more practical approach. Compared to RNA, solid-phase synthesis of DNA oligonucleotides is more rapid, higher yielding and does not require arduous 2 -OH deprotection procedures. As a result, the use of a DNA backbone is expected to greatly simplify the post-selection synthesis of cross-chiral L-aptamers, while substantially increasing the amount of material that can be obtained. Furthermore, the lack of a 2 -OH group makes L-DNA considerably more stable than L-RNA, and thus, compatible with a more diverse range of environments.
While both DNA and RNA libraries (and more recently XNA libraries) have yielded high-affinity aptamers against a diverse range of targets (24) , and in some cases the same target, cross-chiral recognition between DNA and RNA cannot be assumed on this basis. Early work into D/Lhybrids showed that RNA had a greater propensity for binding the enantiomer of its complement than did DNA, although these interactions did not take place through WC base pairing (22, 25) . The conformational rigidity of the sugar backbone has also been found to correlate positively with formation of stable heterochiral complexes (26) . Furthermore, in the absence of typical WC base pairing between L-aptamers and D-RNA, the 2 -OH group present on L-RNA aptamers may provide critical interactions needed to form stable cross-chiral complexes.
With the above considerations in mind, the goal of the current study was to determine whether cross-chiral aptamers could be isolated from libraries of DNA rather than RNA, and if so, can similar RNA-binding properties be achieved. Using mirror-image in vitro selection methods, we generated several L-DNA aptamers against the hairpin structure of pre-miR-155, a prototypical oncogenic microRNA with clinical implications. A parallel selection experiment was also carried out employing the cationic nucleotide 5-aminoallyl-2 -deoxyuridine (5AdU), yielding cross-chiral L-DNA aptamers harbouring the same modification. Both modified and unmodified L-DNA aptamers bound pre-miR-155 with low nanomolar affinity, similar to what previously reported for L-RNA aptamers for the same target. In the case of the modified L-DNA aptamer, the cationic moiety was critical for binding. The sequence and structure of cross-chiral L-DNA aptamers isolated herein are distinct from their RNA counterparts despite binding to the same site (i.e. nucleotide sequence) on the target RNA. At last, we showed that formation of L-aptamer-pre-miR-155 complexes inhibit Dicer cleavage in vitro, thereby blocking formation of the mature miR-155. Overall, our results establish the capacity of L-DNA aptamers to bind native D-RNA structures (and vice versa), and show that the absence of the 2 -hydroxyl group is not a disadvantage for crosschiral nucleic acid recognition.
MATERIALS AND METHODS

Materials
Oligonucleotides were either purchased from Integrated DNA Technologies (Coralville, IA, USA) or prepared by solid-phase synthesis on an Expedite 8909 DNA/RNA synthesizer. Synthesizer reagents and D-nucleoside phosphoramidites were purchased from Glen Research (Sterling, VA, USA). D-5-aminoallyl-dUTP was purchased from TriLink Biotechnologies (San Diego, CA, USA). Lnucleoside phosphoramidites were purchased from Chem-Genes (Wilmington, MA, USA). All oligonucleotides were purified by polyacrylamide gel electrophoresis (PAGE) and desalted by ethanol precipitation. Histidine-tagged KOD mutant (exo-) polymerase was expressed and purified as previously reported (27) . Streptavidin coated magnetic beads (MyOne Streptavidin C1 Dynabeads) were purchased from Life Technologies (Carlsbad, CA, USA) and high capacity streptavidin agarose beads (50% slurry) were purchased from Thermo Fischer Scientific (Rockford, IL, USA). [␥ -32 P]ATP was purchased from Perkin Elmer (Waltham, MA, USA) and dNTPs were purchased from Sigma Aldrich (St Louis, MO, USA). Mass spectrometry analysis of purified oligonucleotides was performed by Novatia, LLC (Newtown, PA, USA). All the other chemicals were purchased from either Sigma-Aldrich (St Louis, MO, USA) or Alfa Aesar (Haverhill, VA, USA) and used without further purification.
Methods
Preparation of the L-5-aminoallyldeoxyuridine phosphoramidites (L-5AdU-CEP) and aptamer L-AdU5t is described in detail in the 'Supplementary Methods' section.
Preparation of ssDNA libraries
A single-stranded DNA (ssDNA) library (Lib.86) containing a 45 nt random domain flanked by two primer binding regions was amplified in a 10 ml polymerase chain reaction (PCR) reaction containing 0.5 M of each primers Fwd.86
Nucleic Acids Research, 2020 , Vol. 48, No. 4 1671 and Rev.86, 50 mM KCl, 1.5 mM MgCl 2 , 0.1% TRITON-X, 10 mM Tris (pH 9.0) and 0.5 mM each of the four dNTPs (see Supplementary Table S1 for sequences). The ds-DNA product was ethanol precipitated, redissolved in 500 l water and mixed with 1.5 ml of a ∼20% slurry of highcapacity streptavidin coated agarose beads in Buffer WB (50 mM NaCl, 10 mM Tris, pH 7.6). The bead-binding reaction was allowed to occur for 30 min at room temperature with shaking and complete immobilization of the DNA was confirmed by agarose gel electrophoresis. The supernatant was removed via filtration, and the beads were washed two times with 500 l Buffer WB and once with water. The non-biotinylated strand (Lib.dT) was then eluted from the beads using 200 l ice cold Buffer EB (50 mM NaOH, 1 mM ethylenediaminetetraacetic acid (EDTA)) and the eluent immediately neutralized with 20 l of Buffer NB1 (1 M Tris, pH 7.6 and 3 M NaOAc) and ethanol precipitated. The beads were washed three times with 1 ml Buffer WB and resuspended in a reaction mixture (3.6 ml) consisting of 4 M primer Fwd.86, 500 M each dNTP (dATP, dCTP, dGTP and 5-aminoallyl-dUTP), 36 U KOD Dash DNA Polymerase (40:1 mixture of KOD mutant exo-and KOD DNA polymerase) (27), 10 mM KCl, 15 mM MgSO 4 , 6 mM (NH 4 ) 2 SO 4 , 0.01% bovine serum albumin (BSA), 0.01% TRITON-X and 120 mM Tris, pH 8.0. The reaction was then heated to 95 • C for 1 min, annealed at 46 • C for 30 s and incubated at 70 • C for 30 min. The supernatant was removed by filtration and the beads washed two times with 500 l Buffer WB. The modified ssDNA strand (Lib.AdU) was eluted from the beads using 200 l ice cold Buffer EB and the eluent immediately neutralized with 20 l of Buffer NB1 and ethanol precipitated. The beads were quickly washed three times 1 ml Buffer WB and the above extension reaction repeated. Overall, three extension reactions were carried out on the same portion of beads. All eluted DNA libraries were purified by denaturing PAGE (10%, 19:1 acrylamide:bis-acrylamide) prior to use.
In vitro selection
Separate in vitro selection experiments were carried out for Lib.dT and Lib.5AdU. A 500 l reaction mixture containing 1 nmol of ssDNA library (∼10 14 unique sequences) in Buffer SB (5 mM MgCl 2 , 50 mM KCl, 20 mM NaCl, 25 mM Tris, pH 7.6) was heated at 90 • C for 3 min and allowed to cool slowly to room temperature. The reaction mixture was incubated with 100 l of streptavidin-coated Dynabeads (previously blocked with 1 mg/ml yeast tRNA in Buffer SB) and incubated at room temperature for 1 h. The supernatant was removed and the beads discarded to remove any beadbinding oligonucleotides (i.e negative selection step). To the retained supernatant was added 100 pmol of L-pre-miR-155t and the solution was incubated at room temperature for 30 min. The reaction mixture was then mixed with 100 l streptavidin-coated Dynabeads and incubated at room temperature for an additional 15 min. The beads were then washed five times with 1 mL Buffer SB in order to remove weakly bound ssDNA molecules and the retained ssDNA was eluted using 300 l Buffer EB. The elute ssDNA was quickly neutralized with a solution containing 30 l 3 M NaOAc, 30 l of 1 M Tris (pH 7.6) and 4 l glycogen (1 mg/ml, Roche Diagnostics, Indianapolis, IN, USA). The DNA was then ethanol precipitated and used directly in a 100 l PCR amplification reaction containing 1 U KOD Dash DNA polymerase, 0.5 M primer Fwd.86, 0.5 M primer Rev.86, 120 mM Tris, pH 8.0, 10 mM KCl, 15 mM MgSO 4 , 6 mM (NH 4 ) 2 SO 4 , 0.01% BSA, 0.01% TRITON-X and 0.5 mM each of the four dNTPs. For the first cycle of amplification, the reaction mixture was heated to 95 • C for 2 min, annealed at 46 • C for 30 s and extended at 70 • C for 30 min. All subsequence cycles were carried out using the following program: 95 • C for 30 s, 46 • C for 30 s and 70 • C for 1 min. The amplified DNA was ethanol precipitated and used to generate a new DNA library for the next round of in vitro selection. Supplementary Figure S2 summarizes selection conditions for each round. Following round 8, the enriched dsDNA pool was cloned into Escherichia coli using the TOPO TA cloning kit (Life Technologies, Carlsbad, CA, USA). Bacteria were grown for 16 h at 37 • C on LB agar plates containing 50 g/mL kanamycin. Individual colonies were amplified by PCR and sequenced by Eton Biosciences Inc. (San Diego, CA, USA).
Transcription of RNA
DNA templates used to prepare the various versions of D-pre-miR-155 were generated by cross-extension of two overlapping synthetic oligonucleotides (Supplementary Table S6). The oligonucleotides (2 nmol each) where annealed in a 500 l reaction mixture containing 6 mM MgCl 2 , 150 mM KCl, 20 mM DTT and 100 mM Tris (pH 8.3), which was heated at 90 • C for 1 min and then cooled slowly to room temperature. Reverse Transcriptase (16 U/l) was added and the reaction incubated at 42 • C for 45 min. Following ethanol precipitation, the resulting dsDNA was added to a transcription reaction mixture containing 10 U/l T7 RNA polymerase, 0.001 U/l inorganic pyrophosphatase (IPP), 25 mM MgCl 2 , 2 mM spermidine, 10 mM DTT, 40 mM Tris pH 7.9 and 5 mM of each of the four NTPs. After incubating for 2 h at 37 • C, reaction mixture was ethanol precipitated and the RNA purified by denaturing PAGE (10%, 19:1 acrylamide:bis-acrylamide).
Electrophoretic mobility shift assay
Dissociation constants for aptamer-pre-miR complexes were determined as described previously (18) . Briefly, either 5 nM of 5 -fluoroscein (FAM)-labeled L-pre-miR-155t or 1 nM 5 -[ 32 P]-labeled D-pre-miR-155(t) was incubated with various concentrations (0-3000 nM) of the indicated DNA aptamer in a 20 l reaction mixture containing either 2 or 5 mM MgCl 2 , 50 mM KCl, 20 mM NaCl, 0.01 mg/ml tRNA and 25 mM Tris (pH 7.6). After 30 min, the samples were analysed by non-denaturing PAGE (8%, 19:1 acrylamide:bis-acrylamide), which contained either 2 or 5 mM MgCl 2 , 50 mM KOAc, 20 mM NaOAc and 25 mM Tris (pH 7.6). Electrophoresis was carried out at 30 mA for ∼3 h. The gel was imaged by either autoradiography or by fluorescence emission using a Typhoon FLA-9500 Molecular Imager (General Electric Co., Boston, MA, USA).
In-line probing analysis of D-pre-miR-155t
A 20 l reaction mixture containing 100 nM of 5 -[ 32 P]labeled D-premiR-155t, either 0 or 20 M L-aptamer, 5 mM MgCl 2 , 50 mM KCl, 20 mM NaCl and 25 mM Tris (pH 7.6) was incubated at room temperature for 48 h. The cleavage products were resolved by denaturing PAGE (15%, 19:1 acrylamide:bis-acrylamide) and imaged by autoradiography using a Typhoon FLA-9500 Molecular Imager.
Circular dichroism (CD) spectroscopy
The indicated DNA aptamer (9 M) in Buffer CD (20 mM NaCl, 25 mM Tris, pH 7.6) supplemented with 50 mM of either KCl or LiCl was folded by heating at 90 • C for 3 min before being cooled slowly to room temperature. Data were obtained from a 450 l sample in a quartz cuvette using an Applied Photophysics Chirascan spectrophotometer (Leatherhead, England) at 1 nm intervals with time per point 1.5 s from 220 to 310 nm. All data were collected at a constant temperature of 24 • C.
DMS footprinting
Dimethyl sulphate (DMS) footprinting was carried out according to the protocol described by Laurence et al. (28) . Briefly, 1 M of the indicated [ 32 P]-labeled D-DNA aptamer was refolded by heating at 90 • C for 5 min and then cooling slowly to room temperature in reaction mixture (20 l) containing 5 mM MgCl 2 , 20 mM NaCl, either 50 mM KCl or 50 mM LiCl, and 25 mM Tris (pH 7.6). For each aptamer, a parallel reaction mixture (20 l) was prepared that also contained 1 M L-pre-miR-155t. Each reaction mixture was treated with 2 l DMS (10% dimethyl sulphate by volume in 1:1 ethanol:water), mixed well and allowed to react for 2 min at room temperature. The reaction was quenched with 80 l of a solution containing 0.5 M NaOAc (pH 5.6) and 1 mg/ml tRNA, and ethanol precipitated. The DNA was pelleted by centrifugation and subsequently dissolved in 100 l of a 1 M piperidine solution (in water). After heating at 90 • C for 30 min, the solution was cooled to room temperature and concentrated by vacuum. The resulting pellets were dissolved in Buffer LB (4 M urea, 10 mM EDTA) and resolved by denaturing PAGE (15%, 19:1 acrylamide:bis-acrylamide). The gel was imaged by autoradiography using a Typhoon FLA-9500 Molecular Imager.
Dicer inhibition assay
The indicated concentration of L-DNA aptamer was added to a reaction mixture (20 l) containing 1 nM 5 -[ 32 P]labeled D-pre-miR-155, 5 mM MgCl 2 , 20 mM NaCl, 50 mM KCl, 0.01 mg/ml tRNA, 10 mM DTT and 25 mM Tris (pH 7.6), and the reaction was initiated by the addition of 10 nM human Dicer protein. After 30 min, an aliquot was removed and quenched with a two volumes of formamide loading buffer (95% formamide, 10 mM EDTA) and the cleavage products were resolved by denaturing PAGE (10%, 19:1 acrylamide:bis-acrylamide). The gel was imaged by autoradiography using a Typhoon FLA-9500 Molecular Imager.
RESULTS AND DISCUSSION
Discovery of cross-chiral DNA aptamers for pre-miR-155
For this study, we chose precursor microRNA-155 (pre-miR-155) as the model target ( Figure 1A) . The mature form of pre-miR-155, microRNA-155 (miR-155), is a prototypical oncogenic miR whose overexpression has been linked with the development and invasiveness of several human cancers, making it an attractive therapeutic target (29) . Furthermore, two L-RNA aptamers were previously selected against pre-miR-155 (18) , suggesting that this hairpin structure favors cross-chiral recognition. These L-RNA aptamers also serve as a benchmark for evaluating the cross-chiral binding properties of L-DNA. L-Aptamers are initially selected as D-aptamers against the enantiomer of the target ligand, which enables enzymatic amplification of the D-oligonucleotides during the process of in vitro selection. Therefore, we chemically synthesized a 38 nt truncated version of pre-miR-155 (L-pre-miR-155t) using commercially available L-nucleoside phosphoramidites ( Figure 1A ). Lpre-miR-155t was biotinylated at its 3 end allowing it to be immobilized on streptavidin-coated beads during the selection step.
We prepared two single-stranded D-DNA libraries: one comprised of canonical deoxynucleotides (Lib.dT) and one containing 5AdU in place of dT (Lib.AdU) ( Figure 1B ). We hypothesize that merging the shape-based recognition of Laptamers with functional groups absent in natural nucleic acids will generate RNA-binding properties that are unachievable using current modalities. Indeed, the use of modified nucleotides is a well-proven strategy for increasing the success rate of in vitro selection experiments against more demanding targets, and has been shown to facilitate evolution of D-aptamers with significantly improved activities over their unmodified counterparts (30) (31) (32) . Importantly, incorporation of cationic modifications into selection libraries has previously led to identification of aptamers that bind tightly to negatively charged ligands, including RNA (17, (33) (34) (35) . The 5AdU-containing DNA library was generated using a modified version of the procedure originally reported by Eaton et al. (Figure 1C) (36) . Briefly, a ssDNA library (∼10 14 unique sequences) containing a 45 nt random domain flanked by fixed primer binding sites (Supplementary Table S1 ) was amplified by PCR in order to generate multiple copies of each DNA molecule. One of the primers used during PCR was biotinylated at its 5 end, allowing for the immobilization of the double-stranded product on streptavidin coated agarose beads following amplification. The non-biotinylated strand was subsequently removed via NaOH treatment (0.1 M) and became the starting pool for the unmodified in vitro selection experiment (i.e. Lib.dT). The bead-bound DNA strand was then used as a template for a primer extension reaction employing 5-aminoallyl-dUTP in place of dTTP. The extension was carried out using KOD Dash DNA polymerase, which was previously shown to be highly tolerant of dUTP derivatives modified at the C5 position (36) . Following the extension step, the newly generated 5AdU-modified DNA strand was separated from the bead-bound template via NaOH treatment and further purified by gel electrophoresis. Multiple extension reactions were typically carried out on the same portion of templatebound beads in order to generate a sufficient quantity of Lib.AdU for the selection experiment ( Supplementary Figure S1) .
Separate in-vitro selection experiments were carried out for each of the two libraries (Lib.T and Lib.AdU) (Figure 1C) . Each D-DNA library was incubated together with the biotinylated L-pre-miR-155t target in a reaction mixture containing 5 mM MgCl 2 , 20 mM NaCl, 50 mM KCl, 0.1%TWEEN-20 and 25 mM Tris (pH 7.6) at room temperature. D-DNA molecules that bound L-pre-miR-155t were captured using streptavidin-coated magnetic beads, which were subsequently washed with the same binding solution. Aptamers that remained bound to the beads were eluted using NaOH (0.1 M) and amplified by PCR using KOD Dash DNA polymerase. As before, a biotinylated primer was used during the amplification step and the resulting double-stranded PCR product was used to generate the corresponding pool of single-stranded DNA for the next round of in vitro selection.
A total eight rounds of in vitro selections were carried out for both unmodified (Lib.dT) and modified (Lib.AdU) D-DNA libraries. The selection pressure was increased during successive rounds by reducing the concentration of the D-DNA library from 2000 to 100 nm, and by increasing the duration of the bead-washing steps (see Supplementary Figure S2 for details). The temperature at which the selection was carried out was also raised from 23 • C to 37 • C during the final two rounds. Following the final round of in vitro selection, the enriched Lib.T and Lib.AdU libraries were cloned and sequenced ( Supplementary Tables S2 and 3 , respectively).
Five clones from both the unmodified (Lib.T) and modified (Lib.AdU) DNA libraries, each representing a unique aptamer sequence, were screened for binding L-pre-miR-155 using an electrophoretic mobility shift assay (EMSA) (Supplementary Figure S3 ). Interestingly, one sequence (D-AdU2 and D-T1) appeared within both enriched populations and was capable of binding L-pre-miR-155t regardless of its modification state. Nevertheless, clones D-T9 and D-AdU5 from Lib.T and Lib.AdU, respectively, emerged as the tightest binders, and thus, all further studies were based on these two sequences (Figure 2A ). D-T9 and D-AdU5 bound L-pre-miR-155t with K d values of 60 ± 4 and 36 ± 2 nM, respectively. To the best of our knowledge, these aptamers represent the first example of a stable interaction between DNA and RNA of the opposite chirality. Importantly, the K d values for D-T9 and D-AdU5 were similar to the previously reported RNA aptamer for the same target (K d = 19 nM) (18) , suggesting that the absence of the 2 -hydroxyl group is not a disadvantage for 
cross-chiral nucleic acid recognition. A version of D-AdU5
containing dT rather than 5AdU was unable to bind Lpre-miR-155t, demonstrating that binding is dependent on the cationic modification (Supplementary Figure S4a) . Similarly, replacing dT with 5AdU within the unmodified D-T9 aptamer significantly impaired its ability to bind L-pre-miR-155t. This observation shows that simply appending a cationic moiety to an aptamer does not itself improve binding, but rather precise positioning of the modification is required and must be achieved through in vitro selection.
Preparation of truncated L-DNA aptamers with affinity for D-pre-miR-155
We next sought to determine the minimal binding domain for aptamers D-T9 and D-AdU5, both of which were >80 nt in length. Our primary goal was to identify truncated sequences that could be prepared efficiently by chemical oligonucleotide synthesis using L-nucleoside phosphoramidites. The minimal binding domains of D-T9 and D-AdU5 were determined by generating variants with a succession of 5 and 3 truncations and screening for binding by EMSA ( Supplementary Tables S4 and 5 ). This iterative process resulted in the reduction of D-T9 into a 56 nt sequence (D-T9t) and D-AdU5 into a 60 nt sequence (D-AdU5t) having K d values of 51 ± 2 and 12 ± 1 nM, respectively, when measured under the in vitro selection conditions (i.e. 5 mM Mg 2+ ) ( Figure 2B and C). It was fortuitous, but not uncommon, that both truncated aptamers showed higher binding affinity to pre-miR-155t than either full-length parent aptamer. Scrambled versions of both truncated D-aptamers failed to bind L-pre-miR-155 (Supplementary Figure S4b) . It is worth noting that truncation of aptamer D-AdU5 reduced the number of 5AdU residues from 14 to 6 ( Figure   2A ), indicating that the majority of cationic modifications within D-AdU5 were dispensable for binding L-pre-miR-155.
Next, we prepared L-DNA versions of both truncated aptamers via solid-phase DNA synthesis using L-nucleoside phosphoramidites ( Supplementary Figures S5 and 6 ). The 5AdU modification was incorporated into L-AdU5t using L-5AdU-CEP ( Figure 2D ), which was synthesized according to published procedures (see Supplementary Data) (37) (38) (39) . In general, a standard 1 M scale synthesis yielded ∼100 nmol of purified L-DNA aptamer. This is compared to ∼10-30 nmols for the previously reported L-RNA aptamer against pre-miR-155 (data not shown). As is dictated by the principal of reciprocal chiral substrate specificity (40) , the affinity of both L-DNA aptamers for D-pre-miR-155t was very similar to their corresponding D-DNA aptamers for L-pre-miR-155t ( Figure 2B and C) . L-T9t and L-AdU5t bound D-pre-miR-155t with K d values of 53 ± 2 and 37 ± 5 nM, respectively, when measured under in vitro selections conditions. The somewhat lower affinity of L-AdU5t relative to D-AdU5t (∼3-fold) likely reflects the poorer quality of synthetic L-DNA compared to D-DNA generated by enzymatic polymerization, as evident by mass spectrometry (Supplementary Figure S6) . For example, acrylonitrile adducts were observed on L-AdU5t but not D-AdU5t, which are a result of the deprotection step during solidphase oligonucleotide synthesis. The affinity of L-T9t and L-AdU5t for D-pre-miR-155t decreased ∼3to 4-fold when the concentration of Mg 2+ in the binding buffer was reduced from 5 to 2 mM, indicating that both aptamers were dependent on Mg 2+ (Supplementary Figure S7) . Importantly, both L-DNA aptamers bound the full-length D-pre-miR-155 RNA hairpin (which is the intended target) with similar K d values as the truncated target used during in vitro selection (Figure 2B and C) . Not surprisingly, neither T9t nor AdU5t aptamers were able to bind pre-miR-155 of the same chirality (Supplementary Figure S8) .
Aptamers T9t and AdU5t form G-quadruplex structures
The DNA structure prediction software Mfold (41) failed to identify stable secondary structures within T9t and AdU5t aptamer sequences (Supplementary Figure S9 ). However, both minimal aptamers contained at least four clusters of consecutive guanine residues that are indicative of Gquadruplexes (Figure 2A) , which is not uncommon for DNA aptamers (42) . Therefore, we wished to determine whether T9t and AdU5t form G-quadruplex structures and if such structures are important for binding pre-miR-155. In the absence of K + , which is known to stabilize Gquadruplexes more effectively than other monovalent ions (43) , both D-DNA aptamers failed to bind L-pre-mir-155t, even at concentrations of aptamer far exceeding the observed K d (Supplementary Figure S10a) . The CD spectrum of D-T9t and D-AdU5t in the presence of ion concentrations used during the in vitro selection experiment (20 mM Na + and 50 mM K + ) showed a negative peak at ∼240 and a positive peak at ∼260 nm (Figure 3) , which are characteristic of a parallel-stranded G-quadruplex structure (44, 45) . Replacing K + with Li + , which does not facilitate G-quadruplex formation (43) , resulted in the loss of these features (Figure 3) , instead giving CD spectrum that more closely resembled that of D-T9t and D-AdU5t obtained in the absence of any ions (i.e. TE buffer). As expected, similar results were obtained using the L-DNA versions of both aptamers, except that their CD spectrum were inverted (Supplementary Figure S10b and c) (46) . Taken together, these data strongly suggest that T9t and AdU5t aptamers contain a potassium-dependent, parallel-stranded G-quadruplex structure, the formation of which is required for binding to pre-miR-155.
In order to confirm the above results and gain additional information regarding the guanine residues involved in Gquadruplex formation, we carried out a dimethyl sulphate (DMS) footprinting assay (28) . The availability of guanine N7 for methylation by DMS in single-stranded and duplex Residues that underwent significant conformational changes (i.e. protection from hydrolysis) in the presence of excess L-aptamer are boxed in red. Partial digestion by ribonuclease T1 (cleavage after G residues) is shown to the left (T1). Uncropped gel images are shown in Supplementary Figures S11a and b. (B) The extent of pre-miR-155 protection differs between aptamers. Fold change was determined by dividing the fraction cleaved in the absence of the aptamer by that in its presence (i.e. greater fold change corresponds to greater protection). Asterisk indicates increased hydrolysis in the presence of the aptamer. (C) Binding of excess L-T9t and L-AdU5t to 5 -[ 32 P]-pre-miR-155t or modified variants. All binding reactions contain 3 M aptamer, 1 nM 5 -[ 32 P]-pre-miR-155t (or variant), 5 mM MgCl 2 , 50 mM KCl, 20 mM NaCl, and 25 mM Tris (pH 7.6). Variant M1 is mouse pre-miR-155. M = 5 -[ 32 P]-pre-miR-155t (or variant) control.
DNA, but not in G-quadruplexes, is a diagnostic indicator of G-quadruplex structures. The DMS cleavage patterns of both D-T9t and D-AdU5t revealed four G-rich tracts that were strongly protected from cleavage in the presence of K + , implying that these residues are indeed involved in formation of a G-quadruplex (Figure 4 ). Interestingly, for both aptamers, the number of protected guanines varied between G-tracks. For example, D-T9t had two tracks of three guanines (G25-G27 and G46-48), one track of four guanines (G39-G42), and one track of five guanines (G19-G23) that were protected from DMS cleavage ( Figure 4A ). This observation is consistent with the presence of redundant guanines within the longer G-tracks, and indicates that the observed DMS cleavage patterns represent a mixture of several G-quadruplex structures each consisting of a different configuration of guanine residues (47) . In the future, it will be interesting to determine whether eliminating this degeneracy leads to improved binding properties. G-quadruplex formation was not dependent on ligand binding, since inclusion of L-pre-miR-155t during the DMS assay did not significantly alter the cleavage pattern for either aptamer. This also suggests that the protected guanine bases are unlikely to be involved in hydrogen bonding to pre-miR-155. Interestingly, a previously identified cross-chiral RNA aptamer for pre-miR-155 (aptamiR-155.2) does not contain a G-quadruplex, as evident by the lack of monovalent ion dependency in its CD spectrum (Supplementary Figure S10d) . Thus, despite binding to the same RNA target (i.e. the same sequence of nucleotides), DNA aptamers T9t and AdU5t form entirely different structural motifs compared to their RNA counterpart. In addition to T9t and AdU5t, several other DNA aptamer sequences identified following in vitro selection have at least four clusters of consecutive guanine residues that are indicative of G-quadruplexes (Supplementary Tables S2 and 3 ), suggesting that this could be a common structural motif for cross-chiral recognition between DNA and RNA. It may also indicate that G-quadruplexes provide a stable structural scaffold when divalent cations (e.g. magnesium) are limited. It will be interesting to select L-DNA aptamers against a diverse range of RNA structures in order to determine whether G-quadruplex formation is a general phenomenon.
L-DNA aptamers bind selectively to the distal loop of pre-miR-155
The L-pre-miR-155t target used during in vitro selection was truncated relative to the native pre-miR-155 RNA. This was done intentionally in order to encourage isolation of aptamers capable of binding to the loop domain, which has been shown to inhibit Dicer-mediated miR biogenesis in vitro (17, 18) . In order to determine whether L-T9t and L-AdU5t bound the loop of pre-miR-155, we performed an in-line hydrolysis analysis of pre-miR-155t in the presence and absence of saturating concentrations of L-DNA aptamer ( Figure 5A) (48) . Uncatalyzed in-line hydrolysis (i.e. cleavage) of phosphodiester linkages in RNA requires an in-line geometry (180 • ) between the 2 -oxygen nucleophile, the phosphorus electrophile and 5 -oxygen leaving group. Binding of the L-aptamer to D-pre-miR-155t is expected to restrict the conformational freedom of residues at the binding site, thereby hindering their ability to achieve the in-line geometry needed for cleavage. Incubating D-pre-miR-155t with either L-T9t or L-AdU5t led to the protection of the same 8-nucleotide region from cleavage (U 25 -C 32 ), strongly suggesting that both L-aptamers bound to this site within the loop domain ( Figure 5A ). Interestingly, previously reported L-RNA aptamers for pre-miR-155 also bound these same residues, suggesting that this binding sight is particularly well suited for cross-chiral recognition (18) . Despite their similar footprints, however, the extent to which L-T9t and L-AdU5t protected D-pre-miR-155t from hydrol-ysis were distinct (e.g. residue G28; Figure 5B ). Because the rate of in-line hydrolysis is highly dependent on linkage geometry, which is dictated by the overall tertiary structure of the RNA, these distinct cleavage patterns likely represent two unique heterochiral interfaces that perturb the structure of pre-miR-155 in different ways. This observation is consistent with the sequence and structural differences between T9t and AdU5t. In order to validate the in-line hydrolysis data, we also showed that both aptamers failed to bind several versions of D-pre-miR-155t containing mutations and/or deletions that perturbed the structure of the loop domain ( Figure 5C ). Both aptamers also failed to bind several other pre-miR hairpin structures, including the mouse homologue of pre-miR-155 (M1) (Supplementary Figure  S11c) . Together, the above results indicate that L-T9t and L-AdU5t are selective for binding the loop domain of pre-miR-155.
L-DNA cross-chiral aptamers inhibit Dicer-mediated cleavage of pre-miR-155
During microRNA biogenesis, the distal stem-loop domain of pre-miRs is excised by the ribonuclease Dicer prior to being loaded onto an Argonuate protein, where it is eventually used to guide sequence-specific silencing of target mR-NAs (49) . Previous studies have shown that Dicer-catalyzed cleavage of specific pre-miRs can be blocked using reagents that bind the corresponding distal stem-loop domain (50) (51) (52) (53) , and this strategy is currently being pursued for therapeutic purposes (54) . Binding to the loop domain of pre-miRs by our previously reported cross-chiral L-RNA aptamers also inhibited Dicer. Therefore, we predicted that L-T9t and L-AdU5t would be effective at inhibiting Dicermediated cleavage of pre-miR-155. To test this, D-pre-miR-155 was incubated in the presence of human Dicer protein, together with various concentrations of either L-T9t or L-AdU5t. We observed a concentration-dependent inhibition of pre-miR-155 processing for both aptamers ( Figure  6 ). The IC 50 values calculated for L-T9t and L-AdU5t were 139 and 80 nM, respectively, which are in good agreement with their corresponding K d values ( Figure 2B and C) . As a control for non-specific inhibition of Dicer, we found that neither D-T9t nor D-AdU5t inhibited Dicer-mediated cleavage to a significant degree (Supplementary Figure S12) , which is consistent with their inability to bind D-pre-miR-155.
CONCLUSION
In summary, we have demonstrated in vitro selection of the first cross-chiral aptamers comprised of L-DNA, thereby establishing the capacity of DNA and RNA molecules of the opposite handedness to form tight and specific interactions with each other. Thus, this work greatly expands our current definition of nucleic acid molecule recognition. Our best L-DNA aptamers had low nM affinities for pre-miR-155, similar to previously identified L-RNA aptamers against the same target. Furthermore, like their RNA counterparts, these L-DNA aptamers bound selectively to the loop domain of pre-miR-155 and inhibited Dicer-mediated processing in vitro. Thus, despite prior evidence suggesting that DNA may be less adept than RNA at forming heterochiral interactions (22, (25) (26) , our results clearly show that the lack of a 2 -OH group is not a disadvantage for cross-chiral recognition of RNA. The question of whether DNA or RNA will yield better cross-chiral aptamers in terms of RNA-binding requires further investigation, and may ultimately depend on the identity of the target. Nevertheless, DNA is more stable, easier to produce and less expensive than RNA, making it a more practical choice for the generation of cross-chiral aptamers having applications in biotechnology.
Despite binding to the same site (i.e. nucleotide sequence) on pre-miR-155, the sequences and structures of L-DNA and L-RNA aptamers were found to be distinct from each other. This was somewhat unexpected, as both the aptamer and target are comprised of nucleic acids, providing the opportunity for DNA and RNA aptamers to form similar sequence-specific interactions with the target. Indeed, D-DNA and D-RNA aptamers have been found to bind the same D-RNA target through similar sequence-specific interactions (WC base pairing in this case) (12, 55) , giving rise to DNA and RNA aptamers with closely related sequences and structures. Even in the absence of WC base pairing between D-and L-oligonucleotides, it is possible that similar sequence-specific interactions could emerge from libraries of both DNA and RNA, although these interactions would likely be more idiosyncratic in nature than WC base pairing. Therefore, the lack of sequence and structural similarities between cross-chiral DNA and RNA aptamers, as well as between T9t and AdU5t, is significant because it rules out this possibility and provides further support for the hypothesis that cross-chiral nucleic acid recognition occurs independent of sequence-specific interaction, instead relying on structure-specific tertiary interactions.
During the course of this study, we explored the potential for cationic modifications (i.e. 5AdU) to facilitate and/or promote cross-chiral interactions between DNA and RNA of the opposite chirality. A previous in vitro selection experiment using an RNA library containing the same cationic modification (5-aminoallyluridine) yielded cross-chiral L-RNA aptamers for pre-miR-19a having low nanomolar K d value (17) . However, a parallel selection experiment using an unmodified RNA library was not carried out, making it difficult to determine what advantages, if any, the cationic modification bestowed. Herein, we found that both modified and unmodified ssDNA libraries readily yielded crosschiral aptamers against L-pre-miR-155. The K d value for the best modified aptamer (AdU5t) was only slightly better (∼2-to 3-fold) than the best unmodified aptamer (T9t) under all conditions tested (Figure 2 and Supplementary Figure S6 ). Based on these observations, we conclude that the cationic aminoallyl modification did not provide a significant advantage for cross-chiral recognition of pre-miR-155 by DNA. This result was unexpected based on the nature of the target, and is significant because it suggests that the use of cationic modifications may not benefit future crosschiral aptamer selections. However, we acknowledge these experiments represent a very small sample size and we cannot rule out that different results may be obtained under alternative in vitro selection condition and/or for other RNA targets. Importantly, despite originating from the same ds-DNA pool, the modified ssDNA library (Lib.AdU) yielded aptamer sequences that were distinct from its native DNA counterpart (Lib.dT) and were dependent on the 5AdU modification for binding. This suggests that the modified DNA pool was able to sample unique structural spaces or distinct interactions with pre-miR-155. Other functional group modifications will likely have different properties that make them more or less amenable toward binding RNA. In contrast to protein targets, for which the influence of unnatural nucleobase modifications on aptamer binding has been studied extensively (30, 31) , almost nothing is known about what type of modifications are most apt for RNA binding by aptamers. This study now provides a robust platform for screening a diverse set of modified nucleotides in order to identify functional groups capable of enhancing the binding properties of cross-chiral aptamers. It is worth noting that, in general, modified deoxyribose triphosphates and their corresponding phosphoramidites are easier to obtain synthetically than their ribose counterparts due to the absence of the 2 -hydroxyl group, representing another advantage of generating cross-chiral aptamers from libraries of DNA.
Inhibition of miR biogenesis using reagents that target the unique structures of pre-miRs represents a promising therapeutic strategy for a variety of diseases, including cancer (54) . Such inhibitors also represent new biochemical tools for interrogating pre-miR function, and can potentially be utilized as affinity reagents for imaging and diagnostic applications. Although several challenges remain, our results demonstrate that cross-chiral L-DNA aptamers have properties well-suited for these purposes, including high affinity and selectivity, nuclease resistance and potent inhibition of Dicer-mediated cleavage. While pre-miRNA-155 served as a convenient proof-of-concept target for this study, it represents one of the most common RNA structures: a hairpin. Therefore, we anticipate that the methods developed herein can be readily applied to the isolation of cross-chiral L-DNA aptamers for many clinically relevant RNAs, including long noncoding RNAs and viral RNA elements.
